Evolutionary population synthesis (EPS) has been widely used as a powerful tool to study the stellar contents of galaxies. In essence, EPS compares the observed, integrated spectrum of a galaxy with a combination of spectra of simple stellar populations (SSPs; single-age, single-metallicity populations) of different ages and metallicities, and decomposes the complex stellar contents into SSPs of known ages and metallicities to infer the galaxy's star-formation history. Over the past two decades, much work has been done to improve the accuracy of EPS and SSP models in various contexts (e.g., [6, 7, 19, 34, 35, 36] ).
Introduction
Evolutionary population synthesis (EPS) has been widely used as a powerful tool to study the stellar contents of galaxies. In essence, EPS compares the observed, integrated spectrum of a galaxy with a combination of spectra of simple stellar populations (SSPs; single-age, single-metallicity populations) of different ages and metallicities, and decomposes the complex stellar contents into SSPs of known ages and metallicities to infer the galaxy's star-formation history. Over the past two decades, much work has been done to improve the accuracy of EPS and SSP models in various contexts (e.g., [6, 7, 19, 34, 35, 36] ).
Unfortunately, population synthesis models still suffer from a number of limitations. One is our poor understanding of some advanced single-star evolutionary phases, such as of supergiants and asymptotic giant branch stars [41] , while a second is an absence in the models of the results of stellar interactions, such as the so-called "stragglers" formed through mass transfer in binaries or stellar collisions. Such stars are usually very bright and can strongly affect the integrated-light properties of the entire system. The potential uncertainties inherent to EPS caused by ignoring these components could be much larger than those still remaining and due to the variety of input physics among different models.
In this chapter, we focus on the second limitation to the standard SSP models. With the updated knowledge of stars, in particular on the physical properties of binary and collisional interactions that eventually create the exotic blue straggler stars (BSSs) discussed in previous chapters in this book, a more realistic prescription of stellar populations is now possible. The goal of this chapter is to present a new set of SSP models which include contributions from BSSs. Yu Xin & Licai Deng National Astronomical Observatories, Chinese Academy of Sciences e-mail: xinyu@bao.ac. cn,licai@bao.ac.cn 1 This is an example of building up the integrated spectral energy distribution (ISED) of a star cluster based on accurate spectrophotometry from the BATC survey [13] . Upper left panel: CMD of M67 with all highly probable members, the left box along the extension of the main sequence marks the region of BSSs. Upper right panel: assigning a Kurucz spectrum to the star F280. In such a way we can actually determine the parameters of the stars (lower-left panel). Lower right panel: the ISEDs of the cluster with different combinations of spectral energy contribution to account for the stochastic effect.
BSSs are common and easily identified in colour-magnitude diagrams (CMDs) of star clusters. They are members of the host cluster and located above and blueward of the cluster's main-sequence (MS) turn-off. BSSs in a cluster are obviously the most luminous blue stars in the CMD (see the top-left panel of Fig. 14.1 ), therefore they are the primary contributors in the total light of the cluster. The standard theory of single-star evolution cannot explain the presence of BSSs in SSPs' CMDs, and thus the standard SSP models do not include the contributions of BSSs. All currently accepted scenarios of BSS formation are related to stellar interactions. Coalescence in primordial binaries can launch BSSs to positions up to 2.5 magnitudes brighter than the MS turn-off [27, 9] . Mergers of binary-binary systems can produce possible
M67: Setting up the Scheme
We started to consider quantitatively the effects of BSS on the integrated spectral properties of star clusters, and to constrain the theoretical models of SSPs in 1999 using the well studied and relatively rich galactic OC, M67 [11] .
Almost all bright stars in the cluster region (about 1 degree in diameter) have reliable membership information, which is very important to the argument we want to pursue. This cluster were observed using a 15 intermediate-band filter photometric system covering the whole optical wavelength range between 3000-10000Å (BATC survey, [13] ). Such an observation is ideally suited for our purpose. Figure 14 .1 demonstrated the key steps to build the integrated spectral energy distribution (ISED) of the cluster:
• First of all, we need to find out the BSS members in the cluster. The upper left panel is a CMD of the cluster in two passbands (centred at 3890Å and 6075Å, respectively), with the x-axis being the colour -defined as the difference between magnitudes in two magnitudes. All the BSSs confined by the left box at the upper bluer extension of the MS are almost sure members of M67.
• The upper right panel show how precisely we can anchor a Kurucz spectrum to the observed spectral energy distribution (SED) determined in all the filters for the famous BSS member F280 in M67. In fact, a BSS star may not be a single star, therefore it is not possible to have parameters that are defined for single stars, such as effective temperature and gravity. Thus, the spectrum assigned to the star this way is a "pseudo" but still constitutes an useful approximation. The spectrum assigned is indeed close enough and can represent the star's spectral property.
• In this way, we can then accurately derive its "physical parameters", given the metallicity is solar as measured by numerous other observations (presumably also treated as single stars). This is demonstrated in the lower left panel. In our work, we assumed that the BSSs can be taken as single stars in terms of spectral properties.
• The ISED of the cluster is obtained by summing up individual SED of all bright members. To account for possible stochastic effects due to the low number of BSSs, we plotted different combinations of BSS sample in M67 (lower right panel).
As a conclusion, the ISED of M67 built this way is apparently different from that of the theoretical SSP model corresponding to its age and metallicity. We further point out that, with the existence of BSSs, and when observed at unresolved conditions (such as in remote galaxies), the actual stellar population may appear substantially younger and/or more metal poor, sometimes less total mass compared to standard SSP models. M67 is just a typical old age cluster in our Galaxy, that can represent real stellar population of similar age and metallicity in any other galaxies, which means, the widely used conventional SSP models in EPS need to be modified in order to be correctly applied to the analysis of stellar content in galaxies.
Thanks to the accurate but elaborate 15 intermediate band photometry [11] , the technique to build the ISED of M67 based on photometric observations is very unique and reliable. However, BATC photometry is not available for the entire galactic OC sample. Other photometry, including broadband, can also be helpful. The methodology is defined in Sec. 14.5.2.
ISEDs of Galactic Open Clusters
Building up a library of ISEDs of a large sample of star clusters is an observational approach towards realistic SSP models. Such a library can also be used to constrain theoretical efforts towards the same aim. By using the existing photometry and membership information of galactic star clusters, we have carried out a series of work in the past few years [37, 38, 39, 40] .
Galactic OCs are the most studied stellar systems in the Galaxy, and have relatively more information about their physical properties including membership, age, metallicity, etc. However, the content of BSSs in OCs is rather stochastic due to the limited number of stars and BSSs, while all the BSS population may involve different ways of formation, and can be affected by dynamical processes in the cluster and with their environment.
In [37] , a small sample of 27 Galactic OCs from Ahumada & Lapasset ( [1] ; AL95 in the following) was selected to discuss the BSS contribution in a statistical way. The BSS population is better presented in the CMD of older OCs, thus the 27 OCs are all older than 1 Gyr, and provide a constraint to SSP models of the same age and metallicity range.
The basic parameters of the selected clusters are given in Table 1 of [37] , where columns (1)-(3) give the cluster name, right ascension, and declination (J2000.0); columns (4)-(7) are the ages, colour excesses [E(B − V )], distance moduli (DMs) and metallicities (Z) of the clusters; the number of BSSs, N BSS , and N 2 values are listed in columns (8) and (9) , respectively; and finally, column (10) is the reference number. Values of N BSS and BSS photometric data for selected clusters are quoted directly from AL95. The N 2 , defined as the number of stars within an interval of 2 magnitudes below the turn-off point for a given cluster (see detailed discussion in Sec. 14.5), is also from AL95. The other basic parameters of the selected clusters, specifically the age, Z, E(B −V ), and DM, are extracted from the more recent photometric and theoretical work when results newer than AL95 are available.
N 2 is regarded as a very important parameter that indicates the richness of the theoretical stellar component in the simple population synthesis scheme. For each cluster, this count is made in the same CMD from which the BSSs are selected. Then the ratio N BSS /N 2 can be taken as a specific BSS frequency in a cluster and can be used as a probe for the cluster internal dynamic processes concerning BSS formation.
It is worth emphasising here that not all the clusters have complete membership determinations in terms of both proper motion and radial velocity. The selection of BSS candidates in AL95 is basically according to where they appear in the observed CMDs. In our work, all the BSSs are treated equally, without any further detailed membership measurements and BSS identification.
In order to demonstrate the effects of BSSs on the conventional ISEDs in the case of old OCs, we construct the ISED of the normal star and the BSS population in one cluster separately. The steps of how we build the composite SSP models including BSS contribution will be presented in details in Sec. 14.5. The results with the OC samples were rather stochastic due to the small number of BSSs, or because of the small total number of stars in a given cluster. The ISEDs vary from BSS dominant -one or a few very bright BSSs -or one in which BSSs contribute nothing to the ISED (see Fig. 4 in Xin, Deng & Han [40] , and discussions on statistics there. This remind us that rich star clusters should be used, or find a proper way to enhance statistics of the OC sample such as binning the clusters in parameter space (see Section 14.5.1).
The Massive Star Clusters in the LMC & SMC
Star clusters in the Magellanic Clouds are massive and have a large span in age. Unlike the globular clusters in the Galaxy, they represent much better stellar populations in age coverage, and therefore serve as great targets for our work. In this section, the LMC cluster ESO 121-SC03 is analysed as the first example to detect BSS contributions to the conventional SSP models using a massive intermediate-age cluster in a low-metallicity environment. ESO 121-SC03 is a distant northern Large Magellanic Cloud (LMC) cluster, lying at a projected angular separation of 10 degrees from the LMC centre. It is described as a unique LMC cluster by Mackey, Payne & Gilmore ( [24] ), because it is the only known cluster to lie in the LMC age gap. A significant number of previous studies (e.g., [6, 26, 24] ) claim an absolute age for ESO 121-SC03 in the range of 8-10 Gyr. Mateo et al. [26] obtained [Fe/H] = −0.9 ± 0.2 combined with a reddening of E(B −V ) = 0.03 mag. Mackey et al. [24] derive [Fe/H] = −0.97 ± 0.01 and E(V-I) = 0.04 ± 0.02 for the cluster. They also mark a region in the CMD used to define BSS candidates in the cluster, but they do not study the BSS population in detail.
As shown in Fig. 14.2, ESO 121-SC03 is a "clean" cluster and includes an obvious population of BSS candidates, which is very advantageous for our main aim of analysing the BSS contributions to the ISED of the cluster. This example demonstrated that, with statistics better than Galactic OCs, BSSs may have significant contributions to a stellar population [39] . Figure 14 .3 shows the ISED of the cluster and how it is affected. With either BSSs only in the half-light radius (R HL ) or full sample in the cluster, apparent alternation due to BSSs to the theoretical ISED of its SSP model (the think solid line) is present. The change is stronger for the full sample, and the changes are always more prominent in the shorter wavelengths. This may actually infer either a younger age or lower metallicity when observed at unresolved conditions. Fig. 14.4 The underestimation of age value by the conventional SSP models. The x-axis is the real age of star clusters, while the y-axis is the best-fitting age from the conventional SSP models. Different symbols mean different working samples. The ashed line is the least-square fitting of all the data points. The heavy solid line is given according to the formula of t b = (0.17 + 8.27Z s ) + (1.38 − 14.45Z s )t s [22] , assuming 50% binaries in stellar populations and using solar metallicity (Z s = 0.02). Distances between the diagonal and the dashed line are measured to detect the age uncertainty -(age real − age f it )/age real . The underestimation of age value by the conventional SSP models becomes larger for older population. It is 47% at 1 Gyr, and 63% at 10 Gyr. Figure 14 .4 concludes our work on individual cluster's base. If we fit the ISED of star clusters by using the conventional SSP models, and we compare the ages of the cluster measured by observations of clusters (taking as true age, the horizontal axis), to that of the best fit SSP model (the vertical axis), it is very clear that the fitted ages are substantially younger than the true ages of the clusters for the whole sample of clusters (all types). Quantitatively, at the true age of ∼1 Gyr, the deviation is 47%, and is 63% at the age of ∼10 Gyr. This fact tells us that EPS may have seriously underestimated ages for populations within the age range covered by our sample.
Certainly, a larger sample of such rich clusters with good coverage in both age and metallicity is highly desired in order to constrain the method we proposed. Observational aspects, including detailed individual BSS, statistics of all BSSs in, and their dynamical effects on, rich GCs can be found in Chap. 5.
Building Up an Empirical SSP Library
In order to create empirically a library for use in EPS, a dataset of observed star clusters covering wide enough parameter space (age, metallicity) has been made available in our previous work. In this section, we are going to describe how the library is actually built.
A General BSS Distribution Function in Stellar Populations
Basically, two properties of BSS populations are relevant to the modelling of BSS behaviour in SSPs, i.e. the number of BSSs (N BSS ) in the SSP and their distribution in the SSP's CMD. In this paper, both properties are obtained empirically from the observed OCs' CMDs. A working sample including 100 Galactic OCs from the catalogue of AL95 is adopted to secure the reliability of the statistical results. Figure 14 .5 shows the differences among the number distributions of OCs containing BSSs versus age for the Ahumada & Lapasset ( [2] , hereafter AL07) catalogue (horizontal hatching), the AL95 catalogue (slanted hatching from bottom left to top right) and our sample (slanted hatching from top left to bottom right). AL95 and AL07 published the most complete catalogues to date in terms of photometric data of BSSs in Galactic OCs. They include almost all OCs containing BSSs in the solar neighbourhood. Figure 14 .5 shows that, compared to AL95, AL07 dramatically reduced the number of young OCs containing BSSs, mainly because of the difficulty of identifying BSSs in the CMD of a star cluster that does not exhibit at least a fully developed red giant branch (RGB) phase (particularly when information on membership probability is lacking). Moreover, most of the BSSs in young OCs (i.e., log(age/yr)<8.0 in this work) from both catalogues are located close to the MS turn-off point in the CMD, which means that it is hard to distinguish BSSs from MS stars. Such BSSs cannot effectively modify the spectral intensity of a cluster. Therefore, we start the selection of our working sample based on OCs with log(age/yr)≥8.0.
Meanwhile, to construct a spectrum of the BSS population for a given OC, we need to obtain the physical parameters of the BSSs in the CMD of the OC. To do this, we need the age, metallicity, colour excess and distance modulus for each OC, which are not all included in either AL95 or AL07. Therefore, we decided to keep only the photometric data of BSSs from AL95, to ensure a homogeneous selection of the BSS sample. We collected the remaining OC parameters from the recent literature (see Table 1 in [40] ). In practice, OCs with log(age/yr)≥8.0 from AL95 are included as sample clusters if reliable parameters can be found, in the sense that most of the BSSs are located at reasonable positions in the CMD with respect to the Padova 1994 isochrone for the OC's age and metallicity.
There are 33 OCs with age≥1.0 Gyr in the combined catalogue comprised of AL95, AL07 and our working sample. Older OCs have better statistics as regards their BSS populations. Using the photometric data of the BSSs in these 33 OCs as an example, we analysed the BSS distribution functions versus the MS turn-off point, as a function of M V and (B − V ). In such a way, we can detect differences in the BSS distributions in the CMD between the AL95 and AL07 statistics. It is shown that the distribution functions of both M V and (B − V ) do not exhibit any essential differences between the AL95 and the AL07 catalogues. Therefore, we continue on the basis of the results from our previous work, i.e., the parameters of the sample clusters and the BSS population from AL95.
Details of the BSS properties are presented in Figs. 14.6-14.8. Figure 14 .6 shows N BSS as a function of the age, metallicity and richness of the sample OCs. The richness of a star cluster is represented by N 2 , which is the number of cluster member stars within 2 magnitudes below the cluster's MS turn-off. The open circles represent the results for the 100 Galactic OCs. Because of the small number of member stars and even smaller number of BSSs in the individual OCs, the results directly derived from Fig. 14.6 are very stochastic, and thus we use the ratio of N BSS /N 2 to reduce the effects of stochasticity. We use this ratio as definition of the specific frequency of BSS components in SSPs. We calculated the standard deviation (σ ) of the ratio for the entire sample, i.e., σ =
and N = 100. We marked the OCs with
+ 1σ with filled circles in Fig. 14.6 . The left-hand panel in Fig. 14.6 shows N BSS versus cluster age on a logarithmic scale. N BSS seems largely insensitive to age until a sudden increase for ages greater than 1.0 Gyr. Based on this figure it is hard to discern any correlation between the two parameters, and it is also risky to jump to the conclusion that N BSS is not correlated with age. The seemingly constant N BSS for age<1.0 Gyr could be caused by the confusion of defining an accurate MS turn-off point and a BSS population in relatively young star clusters. In our model construction, we have not adopted any correlation between N BSS and age. The only correlation we used is that between N BSS and N 2 (shown in the right-hand panel in Fig. 14.6 ; see below). In fact, for SSPs, N BSS and age are related through the SSP's N 2 . N 2 increases following the initial mass function (IMF) slope as the SSP ages, and so does N BSS through the correlation between N BSS and N 2 .
The middle panel of Fig. 14.6 shows N BSS as a function of metallicity for our sample OCs with published metallicity information. No correlation can be established. We previously studied whether the BSS strengths are sensitive to metallicity. We did not find any obvious correlation between these two parameters either (see Fig. 18 in [37] ).
The right-hand panel of Fig. 14.6 clearly shows that only N BSS and N 2 are correlated. The implication of this correlation is that N BSS is proportional to the richness of an SSP, but not (at least not obviously) to any other parameter, such as age or metallicity. The solid line in the right-hand panel is the least-squares fit to the filled circles. For reference, we present two more fits for different samples. The dotted line is the least-squares fit to all OCs (open circles), while the dashed line is the fit to those OCs that are older than 1.0 Gyr. It is hard to tell which fit is most accurate. We choose the solid line for estimating N BSS in an SSP simply to avoid exaggeration of the BSS-enhanced intensity in our SSPs. The correlation can be empirically described as
The uncertainties in the coefficients result from the 1σ uncertainty in N BSS /N 2 . The loci of BSSs in cluster CMDs are fixed by their formation and evolutionary processes [14] , which could still be stochastic owing to the varying physical conditions among star clusters. Thus, it is impossible to construct the specific distribution function of the BSS population for each individual SSP. A feasible approach to generate a BSS population in the CMD is to work out a uniform BSS distribution function.
The dotted lines in Fig. 14.7 are isochrones with ages between 0.1 and 20 Gyr, truncated at the bottom of the RGB phase. The two dashed lines, i.e. the zero age MS (ZAMS) and the boundary between the MS and post-MS phases, highlight the entire MS stage for all isochrones. The distance between the two dashed lines be- comes narrower in the colour range in the CMD for older -log(age/yr)≥9.5 -and younger -log(age/yr)≤8.6 -SSPs, which means that a uniform BSS distribution function will certainly push a BSS population towards red colours for SSPs with a MS turn-off close to the ZAMS. To avoid uncertainties associated with the distance between the MS turn-off points and the ZAMS, we consider BSS distribution functions in three different age bins, i.e., 8.0≤log(age/yr)≤8.6, 8.6<log(age/yr)≤9.5, and log(age/yr)>9.5. The solid lines in the figure show the age-bin selection.
Since the bin selection is done empirically, we tested that a small change in the age-bin selection, i.e., ∆ log(age/yr) = 0.1, cannot effectively modify the BSS distribution in the CMDs and, consequently, affect our model results. Specifically, we construct the BSS distribution functions with log(age/yr) = 8.6 included in the older age bin and calculate the (U −B) and (B−V ) colours of the SSP with Z = 0.02 and log(age/yr) = 8.6. The colour changes resulting from adopting different distribution functions are < 0.0001 mag for both colours. The same result is found for a test with log(age/yr) = 9.5.
We align the MS turn-off points of all OCs in our working sample to obtain a sufficient number of BSSs for good statistics. Figure 14 .8 shows the distribution functions of BSSs versus the MS turn-off point in three different age bins as a function of M V (left panels) and (B − V ) (right panels). For each of the distributions, a gaussian profile is adopted to fit either side of the peak separately, based on which we construct the BSS population in the CMD of an SSP using Monte Carlo simulations in two dimensions (M V and (B − V )). All gaussian profiles have the same standard format, In addition to the distribution function, a further boundary that also constrains BSS positions in the CMD is the ZAMS. Any BSSs located beyond the ZAMS, i.e., with bluer colours than the ZAMS for the same luminosity, will not be generated by our program. This assumption is made mainly because we treat BSSs as MS stars and describe them using standard MS models. Our sample of 100 Galactic OCs has limited parameter coverage in age and metallicity, i.e., it covers ages from 0.1 to 12 Gyr and metallicities from Z = 0.0048 to 0.035 (Xin et al. 2007 , their table 1). To consider the BSS contributions for the full set of SSP models, some extrapolations of the parameter space have been adopted based on the results from OCs and some reliable working assumptions: (i) ages from 0.1 to 20 Gyr, with the lower limit set by the difficulty to identify BSS components in star clusters younger than 100 Myr, while the BSS properties are not expected to change dramatically in very old stellar populations; and (ii) metallicities Z = 0.0004, 0.004, 0.008, 0.02 and 0.05. We extend the metallicity to a lower boundary of Z = 0.0004 and a maximum value of Z = 0.05 because the statistics of OCs show that BSS behaviour is not sensitive to metallicity. (Z = 0.0001 is not included in the models because horizontal branch stars, instead of BSSs, dominate the energy in the ultraviolet and blue bands in extremely metal-poor populations.) 
Building the Empirical SSP Library
With the distribution functions of BSS in a population, it is now possible to build an empirical library of stellar populations. The fundamental ingredients of our models are listed in Table 14. 2. For convenience, we use the widely adopted BC03 models as reference. Modifications owing to BSSs are calculated as increments to the BC03 SSPs of the same age and metallicity. We adopted the Padova 1994 isochrones [5] and the BaSeL spectral library [20] because they homogeneously cover the widest ranges of age and metallicity, and the longest wavelength range. The Padova 2000 isochrones [15] High-resolution observational spectral libraries (e.g., [28, 18] ) suffer from problems related to limited parameter coverage. Instead of combining spectra from different libraries to enlarge our parameter coverage, we decided to use only the theoretical library.
For consistency with BC03, we adopted the Salpeter [31] and Chabrier [8] IMFs. As clearly shown by [10] 1 , the Chabrier IMF is almost indistinguishable from the Kroupa IMF [16, 17] when normalised as 100 0.1 ξ (m)dm = 1M , which is exactly how both BC03 and we ourselves normalise the SSP models. Using such a normalisation, the slight differences between the two IMFs cannot cause any effective modifications as regards the BSS contribution to SSPs. Therefore, we refer to the IMF (in addition to the Salpeter IMF) as the "Canonical IMF" throughout this work. It can be conveniently described by a two-part power law, ξ (m) ∝ m −α i , with α 1 = 1.3 for the stellar-mass range 0.08 ≤ m/M < 0.5 and α 2 = 2.3 for m ≥ 0.5M [16] , or in terms of a power law plus a lognormal form as presented in Table 1 of [8] .
Our construction procedure for SSP models including BSS contributions is summarised as follows: (i) We use the standard models (we use BC03 in this work, but we can in principle use any other SSP flavour as well) to represent the integrated spectrum of the "normal" SSP member stars. We subsequently use the statistical properties of BSSs from Galactic OCs to generate the BSS population for the appropriate SSP; and (ii) We calculate the spectrum of the BSS population and combine it with the spectrum of the normal member stars after the appropriate flux calibration. The composite spectrum is the integrated spectrum of the BSS-corrected SSP.
In detail, the model construction includes the following steps: 1) We assume that any given model SSP contains 10 5 original member stars. The corresponding normalisation constant, A, for a given IMF is calculated as
where φ (m) is the IMF, m l = 0.1M and m u = 100M .
2) The SSP's N 2 number is calculated using
where m 2 is the mass of the SSP's MS turn-off point and m 1 is the mass on the MS 2 mag below the turn-off point.
3) The SSP's N BSS then follows from Eq. (14.1).
4) The distribution of the BSS population in the CMD is generated using Monte Carlo simulations in two dimensions in the CMD, i.e., M V and (B − V ), based on the gaussian profiles described by Eq. (14.2) and Table 14.1. Fig. 14.9 Comparison between the observed and modelled BSS populations in the CMDs of four representative Galactic OCs. In each panel, the fundamental cluster parameters are given in the top right-hand corner, the solid curve is the isochrone representing the cluster's age and metallicity, the dashed line is the zero-age MS, the solid circles are the observed BSSs from AL95, and the open squares are the model BSSs based on Monte Carlo simulations. N BSS model is calculated using the observed value of N 2 in Eq. (14.1) . Figure 14 .9 shows the comparison between the observed and modelled BSS populations in the CMDs of four representative Galactic OCs. In each panel, the fundamental cluster parameters are listed in the top right-hand corner, the solid curve is the Padova 1994 isochrone for the cluster's age and metallicity, the dashed line is the ZAMS, the solid circles are the observed BSSs from AL95 and the open squares are the BSSs generated by the Monte Carlo simulation. We calculate N BSS model from the observed N 2 and Eq. (14.1) . Apparently, the BSS distribution fluctuates significantly for different simulations because of the small N BSS model numbers. What we intend to show with this figure is that the modelled BSS population is quite reasonable and comparable with that observed.
5) Calculate the spectrum of the SSP's BSS population.
For an SSP initially consisting of 10 5 stars, N BSS always spans the range from dozens to at most hundreds of stars for ages between 0.1 and 20 Gyr, which still gives rise to stochastic fluctuations when we generate the BSS population in the CMD. These fluctuations can influence the stability of the spectrum of the BSS population. One of the best ways to reduce this stochastic effect is by using the average of a large number of models. To find the optimum number of realisations, (i) we repeat the generation of BSS populations in the CMD for a given SSP 500 times (500 models) and we subsequently calculate the corresponding composite spectrum of the SSP. This implies that the 500 models yield 500 different spectra for the same SSP.
(ii) We calculate the broad-band colours (U − B), (B −V ) and (V − R) for the SSP based on the average of the spectra of a successively increasing number till 500. This calculation results in 500 values for each colour. (iii) We calculate the average of each colour using the colour values for between 200 and 500 models, thus quantifying the differences (δ ) of the 500 colour values and the average colour. Finally, (iv) we identify the number of models adopted to repeat generating the BSS population in the CMD as the number for which δ < 0.0005 mag. Using the solarmetallicity SSPs as templates, we conclude that combining 100 models is a safe choice for SSPs characterised by different ages and IMFs.
To construct the spectrum of the model BSS population, we use Padova 1994 isochrones of the same metallicity but younger ages than the SSP to fit the position of each BSS in the CMD. We then derive the effective temperature (T eff ) and surface gravity (log g) by interpolation between two isochrones straddling the BSS. A demonstration of this procedure is included in Fig. 14.10 . The solid dots are the model BSSs, the solid line is the isochrone for the SSP's age and metallicity and the dotted lines are isochrones with ages younger than the SSP and truncated at the bottom of the RGB phase. The dashed lines are the ZAMS and the boundary of the MS and post-MS stages, respectively. In our model construction, BSSs located between the dashed lines are modelled strictly assuming that they can be represented by the MS phases of the isochrones and the remainder of the BSSs located outside the boundary are fitted with post-MS (and pre-RGB) phases.
Depending on the values of T eff and log g, a spectrum is extracted from the Lejeune et al. [20] spectral library and assigned to the BSS. The flux of the BSS spectrum is then calibrated using the BSS's absolute magnitude and, finally, the spectrum of the BSS population is obtained by adding up all flux-calibrated BSS spectra, i.e., The approximation to use the spectra of single MS stars to represent the spectra of BSSs is made based on both theoretical (e.g., [3, 4] ) and observational (e.g., [23, 32] ) considerations. The major formation scenarios of BSSs, such as mergers of primordial binaries and dynamical encounters between stars, can replenish fresh hydrogen fuel in the core and rejuvenate BSSs to the MS stage. Liu et al. [23] studied the spectral properties of a complete sample of 24 BSSs in M67 based on spectroscopic observations with a resolution of 3.2Å pixel −1 and covering wavelengths of 3600-6900Å. They concluded that BSS spectra can be well represented by the theoretical spectra of single stars, at least at medium resolution.
6) We use BC03 models to represent the spectrum of the population of normal member stars in an SSP (i.e., all member stars except the BSSs).
For a conventional SSP of age t and metallicity Z, the integrated spectrum is given by
where φ (m) is the IMF, f (λ , m,t, Z) is the spectrum of a single star of mass m, age t and metallicity Z, m u and m l are the upper and lower integration limits in mass, respectively, and 'B' is the normalisation constant required to restore the real intensity of the flux of the conventional SSP. Since BC03 normalised the total mass of their model SSPs to 1 M at t = 0, 'B' is the total mass of the model SSP containing 10 5 stars at t = 0: 
7) After flux calibration, direct combination of the spectra of the BSS population and the conventional SSP yields the spectrum of the BSS-corrected SSP. As our final step, the composite spectra are normalised to the BC03 models by adopting the flux-calibration constant derived from Eq. (14.7) for each SSP.
As an SSP ages, the SSP's BSS population evolves to redder colours in the CMD following the movement of the SSP's MS turn-off, which implies that the "blue" in "blue stragglers" only means "bluer than the MS turn-off", not necessarily blue in colour. Since young SSPs (age<0.1 Gyr) are not included in our models, and because of the presence of "yellow stragglers" in the AL95 catalogue, we decided to explore the BSS contributions to the integrated-light properties involving U-, Band V -band energies, because they may all be significant. Specifically, we present and discuss in detail the differences in the ISEDs, broad-band colours and massto-light ratios (M/L V ) between our models and those published by BC03 in this section.
Using the Z = 0.02 models with a Salpeter IMF as example, the differences in the ISEDs between two models of different age (top left-hand panel) and metallicity (top right-hand panel) are given in Fig. 14.11 . The solid lines in the top panels represent the BC03 ISEDs, while the dashed lines represent the ISEDs from our models. Since the BSS contribution is calculated as an increment to the BC03 models, the intensities of the corresponding BC03 ISEDs of different age (bottom left-hand panel) and metallicity (bottom right-hand panel) are also given in the figure.
The differences presented in the top left-hand panel show a tendency for a stronger BSS contribution for younger SSPs. BSSs have a significant effect on ISEDs for ages between 0.1 and 1.0 Gyr. A sharp enhancement appears in the UV range at 1.0 Gyr for our models, while the UV intensity remains very low in the BC03 ISEDs. During SSP evolution, all massive single stars have left the main sequence and evolved into the red supergiant or the red giant phases in conventional SSPs of 0.1-1.0 Gyr, the UV light declines and the near-infrared intensity increases, and thus BSSs are the most luminous and bluest objects in the populations. For SSPs older than 2.0 Gyr, the intensity of the BSS contribution decreases smoothly and slowly as the population ages. The bottom left-hand panel presents the BC03 ISEDs for different ages, which show that ISEDs are stronger (brighter) for younger SSPs. This tendency is consistent with that found for the BSS contribution to ISEDs of different ages.
Discussions and Prospectives
Fitting the spectra of unresolved galaxies using SSP models to extract information of their star formation history and current stellar contents has been a routine practice in astrophysics, but stellar populations are never simple as the current theory of stellar evolution (basically of single stars) can predict. BSSs is one of the less understood type of stars, and they are probably one of the most important contributors to the uncertainties in EPS. The other chapters in this book addressed the complicated nature of individual BSSs in both observational and theoretical aspects.
Based on observations of individual star clusters with determinations of BSSs in both numbers and photometric properties, we established a practical method to build ISED of these clusters and to use them as a constraint for the conventional SSP models and EPS analysis of galaxies.We have shown here the contents of BSSs actually altered the host stellar populations in terms of integrated light. Although there is still a very large uncertainties in the empirical treatment, our results show that EPS really should be built on more realistic SSP models that have all possible stars included properly. By analysing distribution of BSSs in a general composite CMD of all star clusters, we also developed a way to estimate BSS contributions in any stellar populations, and made a spectral library of BSS-SSP models that bares observationally constrained BSS content. The basic description of our BSS-SSP models includes:
1. The models cover the wavelength range from 91Å to 160 µm, ages from 0.1 to 20 Gyr and metallicities Z = 0.0004, 0.004, 0.008, 0.02 (solar metallicity) and 0.05. The metallicity Z = 0.0001 is not included, because extended horizontal branch stars, instead of BSSs, dominate the energies in the UV and blue bands in such extremely metal-poor SSPs. 2. The models are constructed as increments to the BC03 standard SSP models using the Padova 1994 isochrones and the Lejeune et al. [20] stellar spectra. They can thus be used directly in EPS studies as replacement of BC03 for the same parameter coverage. Application of the models should be limited to the "lowresolution" regime. As each BSS spectrum is approximated by the theoretical spectrum of a single MS star, the models cannot fully account for changes in the spectral lines that are related to the formation scenarios of BSSs. 3. The essential effect of BSSs is to make an SSP's ISED hotter in the UV, blue and optical bands, and consequently turn the broadband colours much bluer. Taking the SSP models with Z = 0.02 as an example, the differences in the broadband colours between BC03 and our models are 0.10±0.05 mag in (U − B), 0.08±0.02 mag in (B−V ), 0.05±0.01 mag in (V −R), 0.12±0.05 mag in (u−g), 0.09±0.02 mag in (g − r) and 0.17±0.03 mag in (g − z).
Given the universal presence of BSSs in various stellar systems, the BSS-SSP models will enable the community to uncover interesting results in studies of stellar populations, although a number of limitations of the current set of models 3 . The main source of the uncertainties in our work is true BSSs in star clusters. The current catalog of BSSs in star clusters (AL95, AL07) actually came from observations taken with different instruments at different accuracy. A survey of star clusters producing a uniform and accurate catalog is needed. An update to the catalog can be expected in a near future [12] . Also limited by small numbers of both BSSs and member stars, the statistics of BSS contribution to a cluster (population) is poor, this can be much improved by spectroscopy surveys of a substantially large number of individual stars (including BSSs) in our Galaxy , such as SDSS, LAMOST, Gaia, which can give direct census of BSSs in the Milky Way Galaxy.
